Introduction
============

Over 100 different types of liver disease have been identified in total, including malignant liver cancer, which arises from tumors that originate in the liver, or originate in another organ and migrate to the liver. The pathological features of malignant liver cancer are rapid progression and high mortality rates, which has been the third leading cause of cancer-associated mortality worldwide ([@b1-ol-0-0-7565]); therefore, it is crucial to identify benign and malignant liver lesions. With the invention and application of high-field superconducting magnetic resonance imaging (MRI), in particular the clinical application of 3.0T MRI, diffusion weighted imaging (DWI) has significance in differentiating benign and malignant liver lesions ([@b2-ol-0-0-7565]). DWI has been observed in a variety of well-vascularized tissues, including the brain, liver, pancreas, kidney, muscle, and placenta ([@b3-ol-0-0-7565]--[@b5-ol-0-0-7565]). The basic principle of DWI is to add the symmetric diffusion-sensitive gradient pulse (b) into conventional spin echo (SE) T2-weighted scanning sequence. Based on the principles of osmotic water diffusion, water molecules are activated and migrate towards the direction of the applied gradient field ([@b6-ol-0-0-7565]). The greater the b-value, the more severe the phase dispersion of water molecules, and the more apparent the signal reduction. If lesions are present in organs, the dispersion degree of water molecules in normal tissue and lesions will vary, therefore the degree of signal reduction will be different, thus facilitating the detection of lesions ([@b7-ol-0-0-7565]). The b-value scheme also affects the DWI parameters and the separation between their values in cancer and normal tissue when the number of b-values is small. In the diagnosis of liver lesions, DWI imaging may be used as an adjunct technique to contrast-enhanced MRI, which provides high sensitivity. The applications of DWI technology based on this theory are currently more widely reported in liver disease research ([@b8-ol-0-0-7565]--[@b11-ol-0-0-7565]), but its value in diagnosing focal liver lesions varied among previous studies ([@b12-ol-0-0-7565]--[@b16-ol-0-0-7565]). The purpose of the present study was to employ DW MRI at 3.0T and to apply different b-values to scan liver lesions, with the aim of observing DWI features and apparent diffusion coefficient (ADC) changes of lesions with different characteristics; investigating the differential diagnostic value of DWI towards benign and malignant liver lesions.

Materials and methods
=====================

### Clinical data

A total of 91 patients with liver space-occupying lesions (145 lesions), were inspected by MRI (Signa 3T HDx; GE Healthcare, Chicago, IL, USA) at Zhongnan Hospital of Wuhan University (Wuhan, China) from November 2015 and May 2016. Lesions were collected from all patients, including 60 males and 31 females, between 26--82 years of age, with an average age of 53 years old. Patients were divided into two groups, according to the presence of benign or malignant lesions. The malignant lesion group (M) consisted of 36 patients (26 males and 10 females), including 22 cases (18 males and 4 females) of liver cancer, and 14 cases (8 males and 6 females) of liver metastatic tumor; the benign lesion group (B) consisted of 55 patients (34 males and 21 females), including 36 cases (21 males and 9 females) of liver hemangioma, 11 cases (6 males and 5 females) of liver cyst, 5 cases (4 males and 1 female) of focal nodular hyperplasia, and 3 cases (3 males) of liver abscess. The present study was conducted in accordance with the declaration of Helsinki. Ethical approval was gained from the Ethics Committee of Wuhan University (Wuhan, China), and written informed consent was obtained from all study participants.

### Scanning method and scan sequences

In order to avoid susceptibility artifacts caused by waste products in organs, each patient was asked to restrict water and dietary intake for 12 h prior to scanning, and fast on the morning of inspection. Each patient was placed in the supine position in the feet-first-to-head scanning order, and the scanning range covered the entire liver (inferior xiphoid to superior kidney). Transverse-view T1 weighted imaging (T1WI) and T2 weighted imaging (T2WI) routine scanning accompanied by routine fat suppression was performed on all patients. T1WI scanning used the fast spoiled gradient-echo sequence, repetition time (TR), 4,000--4,500 msec; echo time (TE), 2.4--3.8 msec; and field of view (FOV) at 32×37-2×37 mm. T2WI scanning used the fast spin echo-XL sequence, TR, 6,400--6,800 msec; TE, 90.0--92.0 msec; and FOV at 30×30-40×30 mm. infrared-spin-echo echo-planar imaging (SE-EPI) was used for DWI, with b-values at 500, 1,000, and 1,500 sec/mm^2^, respectively. For three-time scanning (without breath holding); thickness 6 mm, layer spacing 2 mm. The layer varied from 16--20 levels with the b-value changes, and the scanning time was \~230 sec.

### Image processing

The DWI images were automatically processed by ADW4.4 workstation (GE Healthcare), and ADC values were measured from the solid part of the layer with the greatest diameter. Cystic lesions were measured, avoiding cystic fluid, and focusing on the circular region of interest (ROI), ranging between 100--540 mm^2^. Particular care was taken to avoid too small or too large ROI, as too small ROI may involve local liquefaction necrosis, and too large ROI may include normal tissue. The measurement was performed three times at different sites, from which the average was calculated.

### Statistical analysis

SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis, and the results were expressed as the mean ± standard deviation. The average ADC values of benign and malignant space-occupying liver lesions, and the average ADC values of benign and malignant space-occupying liver lesions with normal liver (the ratio of lesion to normal liver, RLN), under the three b-values were compared. The comparison used single-factor analysis of variance, and the Least-Significant Difference test was used for post hoc intergroup analysis to compare differences between groups. The significance level α was 0.05, and P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Analysis of patient lesions

Amongst the 91 patients, a total of 145 lesions were identified, including 83 located in the right lobe, 52 located in the left lobe and 10 located in the caudate lobe. The minimum lesion diameter was \~8 mm and round in shape; the largest lesion diameter was \~46 mm with a slightly irregular shape. A total of 39 patients presented with multiple lesions, and the remaining patients only presented with a single lesion.

### MRI performance

The solid region of primary liver cancer exhibited a slight low- or iso-intensity signal in T1WI whereas the necrotic area exhibited a low signal. In T2WI, 11 cases were associated with partial slight high-intensity signals; 9 with iso-intensity signals and 2 with a circular shadow of low-intensity signals ([Fig. 1](#f1-ol-0-0-7565){ref-type="fig"}). The majority of tumors exhibited slight high-intensity signals in DWI. The majority of liver metastatic tumors demonstrated multiple oval low-intensity signals in T1WI, and high-intensity signals in T2WI. Partial high- and low-intensity signals may appear in DWI. The enhanced scanning revealed peripheral enhancement. Liver cysts revealed low intensity signals in T1WI, and significantly high-intensity signals in T2WI ([Fig. 2](#f2-ol-0-0-7565){ref-type="fig"}). Hepatic hemangiomas demonstrated low-intensity signals in T1WI, which were higher than in liver cysts, and 'light-bulb signs' high-intensity signals in T2WI ([Fig. 3](#f3-ol-0-0-7565){ref-type="fig"}). In DWI, higher-than-liver-parenchyma signals were observed. Focal nodular hyperplasia demonstrated higher-than-liver-parenchyma signals in T1WI, and iso-intensity signals in T2WI, together with partial high-intensity signals ([Fig. 4](#f4-ol-0-0-7565){ref-type="fig"}). In DWI, it revealed slight high-intensity signals. The 22 cases of primary hepatocellular exhibited iso-or hypo-signals with hypo-signals in cystic necrotic areas on T1W1, demonstrated hyper-signals (11 cases), iso-signals (9 cases), a circular shadow of low-intensity signals (2 cases), circular hypo-signals on T2W1 and demonstrated slightly hyper-signals (20 cases), iso-signals (2 cases) or iso-signals on DWI. The 14 cases of liver metastases exhibited multiple circular hypo-signals (12 cases) or slightly circular hyper-signals (2 cases) on T1WI, multiple circular hyper-signals on T2WI and hyper-signals (11 cases) and iso-or hypo-signals on DWI; which all showed annular enhancement in the enhanced scan. The hepatic cysts demonstrated hypo-signals on T1W1, hyper-signals on T2W1, hypo-signals (11 cases) and slightly hyper-signals (1 case) on DWI. Hepatic hemangioma presented hypo-signals on T1W1, which was higher than cyst, and presented hyper-signal on T2W1, called 'Bulb sign'; higher than liver parenchyma of signals on DWI. Hepatic focal nodular hyperplasia (5 cases) presented higher signals than liver parenchyma on T1W1, iso-signals (4 cases) and hyper-signals (1 case) on T2W1, slightly hyper-signals on DWI ([Figs. 1](#f1-ol-0-0-7565){ref-type="fig"}--[4](#f4-ol-0-0-7565){ref-type="fig"}).

### Measurements of ADC values

Statistical analyses of ADC values between liver cancer compared with liver metastatic tumors within the three b-value groups (500, 1,000 and 1,500 sec/mm^2^) demonstrated statistical significance differences (P\<0.05; [Table I](#tI-ol-0-0-7565){ref-type="table"}). However, in the low b-value group (b=500 sec/mm^2^), the ADC values were significantly different between malignant lesions, including liver cancer and liver cysts (P\<0.05). ADC values between liver cancer and other malignant lesions, including liver hemangioma, focal nodular hyperplasia (FNH), and hepatic abscesses, revealed no significant differences (P\>0.05; [Table II](#tII-ol-0-0-7565){ref-type="table"}), In the middle b-value group (b=1,000 sec/mm^2^), ADC values were significantly different between liver cancer and liver cysts and between liver hemangioma and liver abscesses (P\<0.05; [Table II](#tII-ol-0-0-7565){ref-type="table"}). Furthermore, ADC values between liver metastatic tumors and liver cysts, liver hemangioma, or liver abscesses were also statistically significant (P\<0.05; [Table II](#tII-ol-0-0-7565){ref-type="table"}). In the high b-value group (b=1,500 sec/mm^2^), the ADC values were significantly different between liver cancer and liver cysts or liver hemangioma (P\<0.05), and those between liver metastatic tumor and liver cysts or hepatic hemangioma were also statistically significant (P\<0.05). Due to a lack of non-representative samples, statistical analysis of the differences between liver abscesses and FNH was not performed.

Within all three b-value groups, including the low b-value group (b=500 sec/mm^2^), the middle b-value group (b=1,000 sec/mm^2^) and the high b-value group (b=1,500 sec/mm^2^) the ADC values were significantly different between liver cancer compared with benign lesions in all groups at (P\<0.05, P\<0.05 and P\<0.01), respectively ([Table I](#tI-ol-0-0-7565){ref-type="table"}). The comparison of ADC values of liver space-occupying lesions with normal liver tissue under different b-values is presented in [Table II](#tII-ol-0-0-7565){ref-type="table"}.

The statistical analysis revealed that among the three b-value groups, in the low b-value group (b=500 sec/mm^2^), the ADC value differences between malignant and benign lesions were statistically significant (P\<0.05); in the middle b-value group (b=1,000 sec/mm^2^), the ADC value differences between malignant and benign lesions were statistically significant (P\<0.05); in the high b-value group (b=1,500 sec/mm^2^), the ADC value differences between malignant and benign lesions were statistically significant (P\<0.05).

Discussion
==========

The aim of the present study was to investigate the MRI analysis of malignant and benign liver lesions and normal liver parenchyma. In previous years, with the rapid development and improvement of MRI technologies, and particularly the wide application of SE-EPI detection technology, it is possible to suppress or reduce artifacts caused by physiological motions. Therefore, DWI is able to be effectively used for the diagnosis of liver space-occupying lesions. DWI is a noninvasive method to study the micro-motions of water molecules ([@b17-ol-0-0-7565]), and may provide further diagnostic information than conventional T1WI and T2WI. This further allows for research on specific aspects of the human body at the micro-level and reflects the spatial organization of human tissue, in addition to the functional status of water molecule exchange among different organs under physiological and pathological conditions. The current application of DWI has been confirmed in the central nervous system ([@b18-ol-0-0-7565],[@b19-ol-0-0-7565]), and the application of DW1 to investigate other parts of the human body. The primary purpose of the present study was to evaluate the application values of DWI and ADC in diagnosing primary liver cancer and liver metastatic tumors.

Different b-values have important impacts on DWI and ADC values, and the selection of a b-value may determine the size of ADC value ([@b20-ol-0-0-7565]). In the present study, three different b-values (500, 1,000, and 1,500 sec/mm^2^) were used for the measurement. Analysis of the results revealed that the lower the b-value, the greater the ADC value, and the lower the diffusion weighted signals. In addition, the higher the b-value, the smaller the ADC value, and the higher the diffusion weighted signals, at which point the ADC value is more accurate and closer to the actual D value. However, a higher b-value requires an increased TE value during scanning, and thus the signal attenuation is more apparent, and at times it may prove difficult to view the images ([@b21-ol-0-0-7565]). As for the selection of the b-value in DWI towards liver lesions, multiple scholars have obtained different results. A previous study has demonstrated that the b-values within 500--750 sec/mm^2^ were more appropriate ([@b22-ol-0-0-7565]). Vandecaveye *et al* ([@b23-ol-0-0-7565]) considered a b-value of 500 sec/mm^2^ to be more appropriate. Another previous study reported that when the b-value reached 1,000 sec/mm^2^ or above, the liver signal attenuation was particularly apparent ([@b24-ol-0-0-7565]). The results from the present study demonstrated that when the b-value was set at 1,000 sec/mm^2^, the liver signals demonstrated no significant attenuation. However, when the b-value was set at 1,500 sec/mm^2^, liver signals in specific cases demonstrated notable attenuation. Notably, in the middle b-value group, in the present study, the differences between liver cysts, liver hemangiomas, liver abscesses, and liver malignant lesions were significant. However, the results in the low- and high b-value groups, with ADC values measured under b=1,000 sec/mm^2^ may be more conducive towards the characteristic differentiation of liver space-occupying lesions, consistent with the results of Bruegel *et al* ([@b25-ol-0-0-7565]). It is hypothesized that the reasons for the above discrepancies may be caused by different field intensities and settings in different studies, yet the specific reasons and the rational range of the b-value still warrants further study.

It was observed throughout the present study that, due to the characteristic differences between benign and malignant liver lesions, the ADC values also differed, with significantly higher ADC values detected for benign lesions compared with malignant lesions. Thus, its mechanisms may be associated with the pathological phenotype and biochemical component changes which occur in these lesions ([@b26-ol-0-0-7565]). Statistical analysis revealed that the different ADC values observed between benign liver lesions including liver cysts, liver hemangiomas, and liver abscesses (in the middle b-value group; excluding FNH), and malignant lesions including liver cancer, were statistically significant. As DWI uses the diffusion of water molecules inside lesions to diagnose diseases, and due to the tissue component differences in various diseases, the free water content may also be different. The majority of lesions of primary liver cancer and liver metastatic tumors are solid lesions (partial lesions appear as central necrosis, and the ROI points selected in the present study all avoided the cystic necrosis area), lesions may have less free water, making diffusion slow, resulting in a decreased ADC value. Hepatic hemangioma is mainly composed of blood sinusoids and fibrous interval, and because blood sinusoids are full of blood, the physiological movement of water molecules is relatively free and water is able to diffuse rapidly. Therefore, the ADC values obtained are significantly increased compared with those obtained in hepatocellular carcinoma ([@b27-ol-0-0-7565]). Thus, DWI has a significant value in determining benign and malignant liver space-occupying lesions ([@b28-ol-0-0-7565],[@b29-ol-0-0-7565]), and may further be used to clarify, differentiate, and diagnose malignant and benign liver lesions. In addition, it also provides a noninvasive and reliable clinical adjuvant diagnosis method.

The comparison of ADC values between benign and malignant liver lesions with normal liver parenchyma is named ratio of lesion to normal liver (RLN). Due to patients\' individual differences, disease status, size and location of ROI, and different operators, patients may exhibit a wide variation in ADC values even if the b-value is the same. The use of RLN may reduce the individual differences between patients\' characteristics, including height and weight, but no data demonstrating that RLN is able to distinguish liver malignant tumors and benign lesions has been identified in previous years. In the present study, RLN \<1.6 was set as the threshold, and the results indicated that the sensitivity, specificity, and accuracy calculated under high b-values were higher than those calculated under low b-values. When compared with the settings using ADC \<1.65×10^−3^ mm^2^/sec as the threshold, the specificities obtained under high b-values were higher than the latter, but the sensitivities and accuracies were decreased. Therefore, the combination of the two may contribute to improving the identification ability of ADC values towards benign and malignant liver lesions. The results of the present study demonstrated that the differences in RLN between malignant and benign liver lesions were statistically significant, demonstrating more value in differentially diagnosing the features of liver space-occupying lesions than when simply using the ADC values.

Although MRI is expensive and not the preferred method of diagnosis at present, it has a number of advantages as an effective means for identifying suspicious liver space-occupying lesions. MRI is a noninvasive method adopting high soft tissue resolution, multi-dimensional imaging, and large scanning field, which also identifies adjacent organ invasion and large-range lymph node metastasis. The development of MRI, together with advances in technology in the computer field, the constant improvement of processing skills, the gradual maturation of coil theories, and the innovations of imaging sequence and post-processing methods has demonstrated considerable progress. Such progress is connected with the research directions of actual clinical needs, and the potential for MRI to be promoted in clinics, thus benefiting more patients with cancer.

To conclude, it was observed that liver space-occupying lesions demonstrate different DWI features and ADC ranges, and DWI accurately determines the nature of lesions, thus exhibiting significance towards the identification of liver benign and malignant space-occupying lesions.
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![Images from a patient with small cyst. (A) Patient with a small cyst in the right lobe. The fat suppression T2-weighted imaging arrow indicates a circular high intensity signal. (B) The same patient, diffusion weighted imaging b=1,000 sec/mm^2^, the arrow indicates the low intensity signal slightly lower than the liver parenchyma. (C) The same patient, apparent diffusion coefficient=2.51×10^−3^ mm^2^/sec.](ol-15-02-2091-g00){#f1-ol-0-0-7565}

![Images of a patient with primary liver cancer. (A) Patient with primary liver cancer in right lobe The fat suppression T2-weighted imaging arrow indicates a bump mixing in signal shadows. (B) The same patient, diffusion weighted imaging b=1,500 sec/mm^2^. The arrow indicates mixed signal shadows, the majority of which are higher than the liver parenchyma. (C) The same patient, apparent diffusion coefficient=1.83×10^−3^ mm^2^/sec.](ol-15-02-2091-g01){#f2-ol-0-0-7565}

![Images of patient with hepatic hemangioma. (A) Patient with hepatic hemangioma in the left lobe. The fat suppression T2-weighted imaging arrow indicates lobulated high intensity signal shadow. (B) The same patient, diffusion weighted imaging b=500 sec/mm^2^, the arrow indicates the high intensity signal shadow higher than the liver parenchyma. (C) The same patient, apparent diffusion coefficient=2.43×10^−3^ mm^2^/sec.](ol-15-02-2091-g02){#f3-ol-0-0-7565}

![Images of patient with multiple liver metastatic tumors. (A) Patient with multiple liver metastatic tumor. The fat suppression T2-weighted imaging arrow indicates the multiple irregular lumps with a slightly high intensity signal. (B) The same patient, diffusion weighted imaging b=1,500 sec/mm^2^. The arrow indicates the high intensity signal shadow higher than the liver parenchyma. (C) The same patient, apparent diffusion coefficient=1.97×10^−3^ mm^2^/sec.](ol-15-02-2091-g03){#f4-ol-0-0-7565}

###### 

Comparison of mean ADC values between benign and malignant lesions with different b-values in diffusion weighted imaging.

          ADC of malignant lesions (×10^−3^ mm^2^/sec)   ADC of benign lesions (×10^−3^ mm^2^/sec)                           
  ------- ---------------------------------------------- ------------------------------------------- ----------- ----------- --------
  500     2.36±0.41                                      2.46±0.57                                   2.59±0.63   2.92±0.74   \<0.05
  1,000   1.99±0.62                                      2.17±0.42                                   2.23±0.41   2.51±0.61   \<0.05
  1,500   1.79±0.67                                      1.89±0.78                                   2.05±0.55   2.48±0.41   \<0.01

ADC, apparent diffusion coefficient.

###### 

ADC values of benign and malignant lesions in diffusion weighted imaging with different b-values.

          ADC values of malignant lesions   ADC values of benign lesions                                                   
  ------- --------------------------------- ------------------------------ ----------- ----------- ----------- ----------- ----------
  500     1.45±0.46                         1.47±0.33                      1.56±0.45   1.86±0.64   2.48±0.66   1.52±0.24     \>0.05
  1,000   1.44±0.45                         1.61±0.49                      1.77±0.36   1.97±0.58   2.18±0.52   1.75±0.36   P\<0.05
  1,500   1.48±0.46                         1.54±0.39                      1.82±0.61   1.88±0.52   1.96±0.56   1.77±0.61   P\<0.05

ADC, apparent diffusion coefficient; FNH, focal nodular hyperplasia.
